Nephronophthisis (NPH) is a genetically heterogenous kidney disease and represents the most common genetic cause for end-stage renal disease in children. It is caused by the mutation of genes encoding for the nephrocystin proteins (NPHPs) which localize to primary cilia or centrosomes, classifying this disease as a 'ciliopathy'. Recently, it has been shown that NPHP4 acts as a potent negative regulator of mammalian Hippo signalling by interacting with the Lats protein kinase and controlling the phosphorylation of the oncogenic transcriptional activator TAZ. Here, we demonstrate that NPHP9, another NPH family member, also controls TAZ activity by a distinct mechanism. NPHP9, which is also called NEK8, directly interacted with TAZ and induced nuclear translocation of the TAZ/NPHP9 protein complex. Binding of NPHP9 to TAZ was enhanced in a TAZ mutant that lost its ability to bind 14-3-3, suggesting that 14-3-3 and NPHP9 may compete for TAZ binding, with 14-3-3 favouring cytoplasmic retention and NPHP9 mediating nuclear delivery. Consistently, co-expression of NPHP4, which inhibits TAZ phosphorylation at the 14-3-3 binding site through the inhibition of Lats kinase activity, induced efficient nuclear delivery of the TAZ/NPHP9 protein pair. Consistent with a role for TAZ in controlling proliferation and tumorigenesis, the downregulation of NPHP9 inhibited the TAZ-dependent proliferation of hippo-responsive normal epithelial and also breast cancer cells. As NPHP9 has been shown to be upregulated in breast cancer, these data do not only support a critical role for TAZ/hippo signalling in the pathogenesis of NPH but may also imply a possible role for NPHP9 in TAZ-mediated tumorigenesis.
INTRODUCTION
Nephronophthisis (NPH) is a genetically heterogeneous cystic kidney disease and a leading genetic cause for endstage renal disease in children and young adults. Mutations in 12 causative genes (NPHP1 -12; NPHP, nephrocystin protein) have been described (1, 2) . Interestingly, the vast majority of the NPH proteins localizes to the base of primary cilia, sensory organelles † These authors contributed equally to this work. that are integrating cues received from the microenvironment (2, 3) . Despite the growing knowledge of the underlying genetics and definition of NPH as a ciliopathy, the function of these proteins has remained unclear. Several NPHP-associated disease mechanisms have been proposed in literature previously, including ciliary signalling such as Wnt and Sonic hedgehog (Shh) as well as the regulation of planar cell polarity (4) . Recently, we could show that NPHP4 inhibits the hippo signalling pathway and suggested that deregulated hippo signalling may contribute to the pathogenesis of NPH. NPHP4 exerted pro-proliferative effects through inhibiting hippo signalling. Accordingly, de-repressed hippo signalling in the case of loss of NPHP4 was thought to decrease the proliferative potential, which may contribute to small, degenerative kidneys-a phenotypic hallmark in NPH (5) . However, this finding had not been extended to other NPH proteins.
The hippo pathway was first described in Drosophila melanogaster (6) . The core complex consists of a classical kinase cascade: activation increases the phosphorylation of the kinase MST1/2 (Mammalian Sterile 20-Like Kinase), which in turn results in the phosphorylation of LATS1/2 (Large Tumour Suppressor 1/2) that ultimately mediates the phosphorylation and thereby cytoplasmic retention and inactivation of the transcriptional co-activators TAZ (transcriptional co-activator with PDZ-binding motif) and YAP (Yes-associated protein). Recently, the hippo pathway has gained increasing attention since it was shown that hippo signalling controls cell proliferation, organ size determination and tumorigenesis (7 -9) . Moreover, the effector proteins YAP and TAZ have been shown to act as oncogenes in a number of different types of cancer. In particular, TAZ has been described to be involved in non-small-cell lung cancer (10) , and elevated expression levels of TAZ were found in breast cancer (11, 12) and in breast cancer stem cells (13) . Interestingly, loss of TAZ in two different mouse models resulted in kidney phenotypes reminiscent of the pathology observed in human NPH (14, 15) .
Nek8 (Nima-related Kinase 8) is a member of the NEK family of kinases and the encoding gene has recently been identified as NPHP9 (16) . Mutations in NPHP9 are also responsible for the cystic kidney disease observed in jck mutant mice (17) (jck is another NPHP9/NEK8 alias). Moreover, elevated expression levels of NPHP9 have been found in breast cancer (18) . These findings prompted us to study the role of NPHP9 in hippo signalling. Here, we show that NPHP9 interacts with TAZ, thereby enhancing TAZ/TEADdependent transcription, whereas three disease-causing mutations in NPHP9 abrogated the effect on TAZ/TEAD activity. When analysing the role of NPHP4 in this context, we found that NPHP4 enhances the level of nuclear NPHP9, thereby promoting the TAZ -NPHP9 interaction. Taken together, this study clearly strengthens the interplay between NPHP genes and the hippo signalling pathway.
RESULTS

NPHP9 promotes signalling through the transcriptional co-activator TAZ
The transcriptional co-activator TAZ executes most of its activity through transcription factors of the TEAD family.
TAZ is inhibited through active hippo signalling. To analyse whether NPHP9 modulates the activity of the hippo signalling pathway and its downstream effector TAZ, we performed luciferase-based reporter assays using a TEAD reporter system. The expression of TAZ induced marked upregulation of TEAD luciferase activity, which was significantly enhanced in the presence of NPHP9 (Fig. 1A) . In addition, we tested NPHP5 and NPHP8, since these NPHP proteins had been implicated with cancer previously (19, 20) . Whereas NPHP5 did not affect TAZ/TEAD activity, NPHP8 inhibited TAZdependent TEAD activation (Supplementary Material, Fig. S1 ), consistent with a previous report on NPHP8 as a potential tumour suppressor in liver cancer (19) . We then analysed whether the kinase domain of NPHP9 is required for its function on TAZ/TEAD activation. Interestingly, a kinasedead mutant carrying a point mutation in the ATP binding pocket (K33M) similarly augmented TAZ activity as the wildtype protein (Fig. 1B) , indicating that NPHP9 exerts its effect on TAZ/TEAD independent of its kinase domain. We next investigated whether patient mutations that are known causes of NPH were affecting the NPHP9-dependent TAZ control. To date, only three distinct point mutations, L330F, H425Y and A497P, have been described (16) , none of which affects kinase activity (21) . Interestingly, all three amino acid changes abrogated the effect of NPHP9 on TAZ activity, underscoring the clinical relevance of TAZ control through NPHP9 (Fig. 1C) . Since NPHP4, another NPH disease protein, has been demonstrated to affect TAZ/TEAD activity in a similar way (5), we tested whether NPHP4 and NPHP9 would co-operate to regulate TAZ/TEAD activity. Both proteins appeared to interact in one complex (Supplementary Material, Fig. S2 ). We decreased the relative levels of transfected NPHP9 and NPHP4 to a dose that did not cause a significant effect on TAZ/TEAD activation (Fig. 1D) . However, under these conditions, combination of both expression plasmids resulted in an enhanced stimulation of TAZ-dependent TEAD luciferase activity, indicating their interaction in this pathway. These data suggested that NPHP9 and NPHP4 co-operated to control TAZ activity.
NPHP9 translocates TAZ into the nucleus
The ability of TAZ to regulate gene transcription is tightly regulated through the phosphorylation-dependent binding of 14-3-3 proteins, resulting in 14-3-3-mediated cytoplasmic retention of TAZ (22) . We therefore studied the interaction of TAZ with 14-3-3 together with TAZ phosphorylation at the serine residue-89, a major binding site of 14-3-3. Expression of NPHP9 inhibited the interaction of wild-type TAZ with 14-3-3 considerably ( Fig. 2A) . Consistently, NPHP9 abolished the phosphorylation of TAZ at Ser-89. Cell fractionation experiments showed a nuclear enrichment of TAZ in the presence of NPHP9, confirming these data (Fig. 2B) . Interestingly, NPHP9 itself was also found predominantly in the nuclear fraction. Analysis of whole-cell lysates (WCLs) of the same experiment confirmed that NPHP9 did not influence total protein levels of TAZ (Fig. 2B , lower panel).
We next used immunofluorescence microscopy to study TAZ nuclear translocation in hippo-responsive breast Human Molecular Genetics, 2012, Vol. 21, No. 26 5529 The indicated plasmids were co-transfected in HEK293T cells together with the luciferase reporter plasmid pGBD-Hyg-Luc, the activator plasmid pGal4-TEAD and pGL4.74 encoding the Renilla luciferase. Firefly luciferase activity was measured and normalized to Renilla luciferase activity. Signalling activity of TAZ was set to 100%. Expression of the indicated proteins was confirmed by western blot analysis. (A) Co-expression of NPHP9 significantly increased the TAZdependent TEAD signalling (n ¼ 4; unpaired Student's t-test; * P , 0.05; error bars represent SEM), whereas expression of NPHP9 alone did not affect TEAD activity. (B) The effect of NPHP9 is independent of its kinase activity. Analysis of a kinase-dead point mutant of NPHP9 (K33M) reveals a similar activation of TAZ-TEAD activation as NPHP9 wild-type (n ¼ 5; unpaired Student's t-test; * P , 0.05; error bars represent SEM). (C) Analysis of the three currently known patient point mutations of NPHP9 shows that these plasmids fail to activate the TAZ/TEAD reporter in comparison with NPHP9 wild-type (n ¼ 4; unpaired Student's t-test; * P , 0.05; error bars represent SEM). (D) After titrating down the relative DNA level to a condition in which NPHP9 and NPHP4 have no activating effect on TAZ any more, the co-expression of both proteins significantly increases the TAZ-dependent signalling (n ¼ 5; unpaired Student's t-test; * P , 0.05; error bars represent SEM).
5530
Human Molecular Genetics, 2012, Vol. 21, No. 26 epithelial cells (MCF10A). TAZ and NPHP9 showed a predominant cytoplasmic localization when transfected alone (Fig. 2C) . However, co-expression induced a nuclear translocation of both proteins, suggesting that NPHP9 caused the co-delivery of TAZ and NPHP9 into the nucleus.
NPHP9 and TAZ interact, and mutation of the 14-3-3 binding motif enhances binding
We next tested whether NPHP9 and TAZ interact, which might be a prerequisite for nuclear translocation. Both proteins Figure 2 . In the presence of NPHP9, TAZ is preferentially located in the nucleus. (A) HEK293T cells were transiently transfected with the constructs indicated. FLAG.TAZ was immunoprecipitated in the presence or absence of V5.NPHP9, and co-precipitating 14-3-3 protein was detected by immunoblotting. TAZ carrying a mutant 14-3-3 binding motif (S89A) served as negative control. Co-expression of NPHP9 abolished the interaction of TAZ with 14-3-3 and accordingly resulted in a marked decrease of TAZ phosphorylated at S89. This indicates that TAZ is no longer bound to the cytoplasmic adaptor protein 14-3-3 and might be shifted to the nucleus. (B) HEK293T cells were transiently transfected with the constructs indicated and subjected to cell fractionation experiments. Co-expression of NPHP9 leads to a marked increase of TAZ in the nuclear fraction in comparison with a control protein (Eps). NPHP9 itself was also abundantly found in the nuclear fraction. Fibrillarin and 14-3-3 were used as nuclear and cytosolic marker proteins, respectively. (C) MCF-10A breast epithelial cells were co-transfected with FLAG-tagged TAZ and V5-tagged NPHP9. Immunofluorescence analysis was used to determine the subcellular localization of transfected TAZ and NPHP9. When expressing NPHP9 alone, it was exclusively localized to the cytoplasm, while in the presence of TAZ, NPHP9 was also present in the nuclei. The transfection of TAZ alone showed a predominant but not exclusive cytoplasmatic staining; however, in cells with NPHP9 and TAZ co-expressed, TAZ was shifted to the nuclei.
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were expressed and subjected to co-immunoprecipitation experiments. Interestingly, GFP-tagged TAZ strongly co-precipitated with FLAG.NPHP9 (Fig. 3A) . To confirm that this interaction occurs between the endogenous proteins as well, we generated monoclonal antibodies directed against full-length murine TAZ. Specificity of the clone used in this study was demonstrated using lysates of transfected 293T cells (Supplementary Material, Fig. S3 ). Using this antibody for immunoprecipitation out of protein lysates from murine lung, we were able to detect co-precipitating NEK8 with an NEK8-specific antiserum (Fig. 3B ). The hippo pathway controls TAZ nuclear delivery through the phosphorylation of TAZ and 14-3-3-mediated retention in the cytoplasm.
To test whether 14-3-3-dependent retention may interfere (B) Murine lung tissue was homogenized, and TAZ was immunoprecipitated from the resulting protein lysates using a specific monoclonal TAZ antibody or a control antibody and Protein G beads. NPHP9 could be detected in the precipitates of TAZ, but not in the negative control (upper panel). Anti-TAZ staining revealed the efficient precipitation of TAZ (lower panel). (C) In the experimental setting of (A), GFP.TAZ-S89A was added. GFP.TAZ-S89A contains the mutant TAZ lacking the 14-3-3 binding motif and thus being considered as 'nuclear' TAZ. Western blot analysis after the immunoprecipitation of NPHP9 or a control protein revealed that F.NPHP9 interacts stronger with TAZ S89A compared with wild-type. (D) To confirm these data, the immnunoprecipitation experiment was done vice versa pulling down F.TAZ, F.TAZ-S89A and a control protein (Eps). When pulling down F.TAZ-S89A, more V5.NPHP9 co-precipitated in comparison with F.TAZ wild-type, confirming that TAZ-S89As more likely to interact with NPHP9 either due to the same nuclear localization or due to a stronger affinity of TAZ-S89A to NPHP9 (the asterisk marks the heavy chain of the antibodies). with NPHP9 interaction and nuclear delivery, we expressed wild-type TAZ as well as a mutant version (S89A) that cannot be phosphorylated and does not interact with 14-3-3 (22) . Consistent with the described role of NPHP9 in mediating nuclear translocation of TAZ, TAZ-S89A showed a significantly stronger interaction with NPHP9 in the co-expression experiments ( Fig. 3 C and D) . Although this finding could, in principle, be explained by enhanced co-localization of TAZ-S89A and NPHP9 in the nucleus and co-precipitation from nuclear lysate, it is important to note that nuclei had been removed prior to performing the co-immunoprecipitation experiments. These data suggested that 14-3-3 and NPHP9 may compete for TAZ binding, with 14-3-3 favouring cytoplasmic retention and NPHP9 mediating nuclear delivery.
NPHP4 regulates NPHP9 localization
We have recently shown that NPHP4 interacts with the serinethreonine kinase Lats to inhibit TAZ phosphorylation at the 14-3-3 binding site, resulting in TAZ transcriptional activity.
We therefore hypothesized that NPHP4 may promote NPHP9/ TAZ interaction and nuclear delivery of the tandem protein complex similar to the scenario where we mutated the 14-3-3 binding site of TAZ. To test this hypothesis, we performed cell fractionation and co-immunoprecipitation experiments. When analysing the subcellular localization of NPHP9, we found that NPHP4 was a potent inducer of NPHP9 nuclear translocation without affecting overall NPHP9 protein levels (Fig. 4A) . Thus, NPHP4 not only promotes the nuclear accumulation of TAZ [as described before (4)] but also induces a Human
marked shift of NPHP9 to the nucleus, which is consistent with our hypothesis. Consequently, we assumed that NPHP4 might also be able to enhance the interaction of TAZ and NPHP9 in the nucleus. Accordingly, we performed TAZ -NPHP9 co-precipitation experiments in the presence and absence of NPHP4. Further supporting our model, co-expression of NPHP4 dramatically increased the amount of co-precipitating TAZ when pulling down NPHP9 (Fig. 4B) . Taken together, these data suggested that NPHP4, by inhibiting TAZ phosphorylation at the 14-3-3 binding site, leads to the tandem nuclear accumulation of TAZ and NPHP9.
Knockdown of NPHP9 ameliorates TAZ-induced hyperproliferation
Since TAZ is a potent regulator of cell proliferation and tumorigenesis in vivo (10), we next explored the effect of NPHP9 in this setting. It has been shown previously that overexpression of TAZ in the non-transformed breast epithelial cell line MCF10A leads to an increase in proliferation (11) . Using lentiviral gene transfer, we expressed FLAG.TAZ in MCF10A cells. The empty lentiviral vector was used for a control. BrdU staining and FACS analyses confirmed the expected strong increase in proliferation in the TAZ-expressing cells (Supplementary Material, Fig. S4A ). To analyse the impact of NPHP9 on the proliferative potential in these cells, we used two different NPHP9-targeting siRNAs for RNA interference-mediated knockdown experiments (Supplementary Material, Fig. S4B ). Interestingly, knockdown of NPHP9 led to a significant reduction in TAZ-induced cell proliferation (Fig. 5A) , suggesting that NPHP9 and TAZ act in a common pathway. Consistent with these data, knockdown of TAZ and NPHP9 in the transformed breast cancer cell line MCF-7 led to a similar reduction of BrdU incorporation (Fig. 5B ). This could be confirmed in MDA-MB-231 cells, another breast cancer cell line (Supplementary Material, Fig. S5 ). Taken together, these data indicated that NPHP9 and TAZ control the proliferation rate of hippo-responsive cancer cells.
DISCUSSION
NPH comprises a very heterogeneous group of paediatric polycystic kidney diseases that show phenotypic overlaps with other genetic syndromes, such as Joubert, Bardet - Forty-eight hours after transfection, the cells were labelled with BrdU for 3 h, stained with an anti-BrdU antibody and analysed by FACS. As expected and previously described, the knockdown of TAZ led to reduced cell proliferation, which was also seen after the knockdown of NPHP9 in the same experiment (n ¼ 3; * P , 0.05 compared with the negative control; error bars represent SEM; the proliferation rate of the cells treated with scrambled control siRNA was set to 100%).
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Biedel, Senior -Loken and many other syndromes. Like all of these syndromes, NPH is caused by the mutation of genes encoding for ciliary proteins. Extensive research efforts over the last decade on the function of the encoded proteins identified several pathways to be controlled by primary cilia, e.g. WNT signalling (23), the Shh pathway (24) or mTOR signalling (25) . Recently, we identified NPHP4 as an inhibitor of the hippo signalling cascade (5). This pathway plays an important role in the regulation of cell proliferation, apoptosis and tumorigenesis (8) . Whether hippo signalling is linked to ciliary biology and function is still elusive. We could previously demonstrate that the ciliary protein NPHP4, by interacting with the central kinase LATS, inhibits the phosphorylation of YAP and TAZ, thus leading to the activation of TAZ/YAP/ TEAD-dependent pro-proliferative transcriptional activity. Loss of NPHP4 in patients would therefore result in reduced proliferation rates that could explain the overt degenerative phenotype displayed in the majority of NPH kidneys. Happe et al. (26) recently described high levels of the hippo downstream effector YAP in the cyst-lining epithelium in mouse models with autosomal-dominant polycystic kidney disease (ADPKD) and in renal biopsies of ADPKD patients. ADPKD is characterized by the development of cystic kidneys with a highly enlarged organ volume and a clear proliferative aspect. We therefore assumed that the balance of hippo signalling and TAZ/YAP activity might be critical for the development and maintenance of the renal architecture. Shifting this balance towards high-TAZ/YAP activity might occur in proliferative diseases with increased organ size such as ADPKD, whereas low hippo effector activity would be associated with degenerative phenotypes typically observed in NPH.
Following the identification of NPHP4 as an inhibitor of hippo signalling, we have now identified a second component of the NPHP complex, NPHP9, to influence hippo signalling in the same direction but by a clearly distinct mechanism. In contrast to NPHP4 exerting the effect on TAZ via the inhibition of the Lats kinase, we show that NPHP9 acts more downstream in the hippo pathway, directly stabilizing TAZ in the nucleus. Obviously, the NPH proteins can alter hippo signalling on different levels pointing to a close interplay between hippo signalling and NPH proteins: whereas NPHP4 inhibits the Lats-induced phosphorylation of TAZ, NPHP9 preferentially binds to this non-phosphorylated TAZ and enhances nuclear delivery of TAZ. Therefore, NPHP4 acts upstream of NPHP9 and promotes nuclear localization of the NPHP9/ TAZ complex (Fig. 6 ). Strikingly and in contrast to wild-type NPHP9, the three known patient mutations failed to activate TAZ/TEAD transcription in our HEK293T cell-based model, providing first evidence that disease-causing mutations affect hippo signalling. Very recently, it has been reported that these patient mutations do not affect the kinase activity of NPHP9 (21) , suggesting that the kinase activity does not play a causative role in the pathophysiology of NPH. Regarding hippo signalling, this was confirmed by our data: kinasedead NPHP9 had exactly the same effect on TAZ/TEAD activation as wild-type NPHP9. Taken together, our study supports the concept that the loss of inhibition of hippo signalling and thereby the lacking activation of TAZ could be a central disease mechanism in NPH.
In addition, our study provides evidence for a new paradigm of NPH protein function. To date, NPH proteins have been described to form one or more protein complexes located at the base of primary cilia, at the centrosome (2,3) and at the nuclear envelope (27) . The fact that NPHP4 acts upstream of NPHP9 gives rise to the hypothesis that NPHP proteins not only form a protein complex of equal players, but also might build up an NPH signalling cascade. This concept of a signalling hierarchy is supported by our previous study on the regulation of Pyk2-induced tyrosine phosphorylation of NPHP1 through NPHP4 (28) and was further confirmed by recent studies that identified NPHP9 to be anchored in the ciliary compartment through NPHP2 (29) and to act downstream of NPHP2 in a zebra fish model (30) . Our data revealed that NPHP9 is an effector protein of NPHP4 in terms of hippo signalling. Previous studies have demonstrated that another NIMA-related kinase, NEK1 shuttles through the nuclear compartment (31) . NPHP9/NEK8 is localized in primary cilia (29) and associated with ciliogenesis (21) and is therefore a candidate for a messenger signalling molecule shuttling back and forth between the ciliary and the nuclear compartment. Further studies will have to address the exact ciliary and nuclear functions of NPHP9 as downstream effector of NPH protein complexes and inhibitor of hippo signalling.
The finding that NPHP4 and NPHP9 act together in a common pathway that ultimately activates the downstream hippo effectors TAZ and YAP and promotes proliferation has another important implication beyond the pathogenesis of hereditary ciliopathies and cystic kidney diseases. The NPHP4 -NPHP9 signalling axis described in this study might be an important regulator of growth and proliferation Figure 6 . Schematic model of NPHP4 and NPHP9 as activators of TAZ/ TEAD transcription. NPHP4 interacts with LATS, thereby inhibiting LATSdependent phosphorylation of TAZ at the 14-3-3 binding motif at serine-89 (5). Non-phosphorylated TAZ translocates to the nucleus, where it activates TEAD-dependent transcription. In addition to its effects on LATS and TAZ, NPHP4 induces nuclear translocation of NPHP9, which preferentially binds nuclear TAZ, thereby further increasing TAZ/TEAD activity.
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in tumour cells as implicated by our knockdown data (Fig. 5) . Therefore, it might present a potential target in numerous types of tumours with high levels of active TAZ and YAP. Whereas to our knowledge NPHP4 has not been linked to cancer, NPHP9 was found to be upregulated in a subset of human breast cancer samples (18) . Interestingly, two other members of the NPH protein complex that had been associated with cancer before (19, 20) show different effects on hippo signalling than NPHP4 and NPHP9, suggesting a complex and differential regulation mediated by NPHP proteins. TAZ has been described as an oncogene, and TAZ overexpression was found in most breast cancer cell lines and several invasive breast cancer tissues (11) . However, the phosphorylation status of TAZ in these cancer samples has not been studied yet. This phosphorylation status can be influenced by NPHP9, and the reported overexpression of NPHP9 in breast cancer might result in an activation of TAZ even without affecting total expression levels of TAZ. Further studies on localization and phosphorylation of TAZ are needed to gain a better understanding of the impact of NPHP9 in tumorigenesis.
MATERIALS AND METHODS
Cell culture
HEK293T (human embryonic kidney cell line 293T), MDA-MB-231 and MCF-7 breast cancer cell lines were maintained in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10% FBS (fetal bovine serum). MCF10A cells were cultured in DMEM/F12 supplemented with 5% horse serum, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin, 20 ng/ml EGF and 10 mg/ml insulin as previously described (32) .
Cell fractioning
HEK293T cells were transiently transfected with the indicated constructs, using the calcium phosphate method. Cells were disrupted in a hypotonic buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 10 mM KCl, 0.5 mM DTT, 0.05% NP40, protease inhibitors). After centrifugation at 3000g for 10 min, the cytoplasmic fraction was taken from the supernatant. The pellet was washed with PBS and, at 10 000g, treated with a hypertonic buffer (5 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 26% glycerol, 300 mM NaCl, protease inhibitors) after centrifugation for 10 min to yield the nuclear fraction. Both fractions were analysed by western blot.
Immunofluorescence
MCF10A cells were seeded onto coverslips and transfected with the indicated plasmids, using Genejuice (Novagen) transfection reagent (5). Twenty-four hours after transfection, cells were rinsed with PBS several times and fixed with 4% PFA for 10 min. After blocking with 5% normal donkey serum and 0.1% Triton X-100 in dPBS, cells were sequentially stained with the indicated antibodies [primary antibodies: rabbit anti-FLAG (pAB), mouse anti-V5 (mAB); secondary antibodies: Cy3-conjugated anti-rabbit-IgG and Cy2-conjugated 
Luciferase assays
The luciferase reporter plasmid (pGBD-Hyg-Luc) was transfected together with an activator plasmid (pGal4-TEAD) and the indicated expression plasmids (TAZ, YAP, NPHP4, NPHP9; control: empty pcDNA6) into HEK293T cells in a 96-well format, using LipofectamineLTX (Invitrogen) as described previously (5). The total amount of DNA was always adjusted with empty pcDNA6. Renilla encoded by pGL 4.74 (Promega) was used for normalization. Renilla luciferase and firefly luciferase activities were measured by using a dual-luciferase reporter assay system (Promega) in a luminometer (Mithras LB940, Berthold) 24 h after transfection.
Transfections and measurements were done in triplicate for each single experiment and each experiment was repeated at least three times. Error bars shown in the figures represent SEM (standard error of the mean). Equal expression of the transfected proteins was confirmed by western blot analysis.
Co-immunoprecipitation
HEK293T cells were transiently transfected using the calcium phosphate method, and co-immunoprecipitation was performed as described previously (33) . Briefly, the day after transfection, cells were harvested with ice-cold PBS. A small aliquot of this cell suspension was taken, and the cells were lysed directly in SDS-PAGE sample buffer (WCL). The remaining cells were lysed in a 1% Triton X-100 buffer [1% Triton X-100, 20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 50 mM NaF, 15 mM Na 4 P 2 O 7 , 2 mM Na 3 VO 4 and PIM complete (protease inhibitor mix; Roche)] for 15 min on ice. After centrifugation at 20 000g (15 min, 48C) and ultracentrifugation at 100 000g (30 min, 48C), a small aliquot of each supernatant was preserved and diluted with 2× SDS-PAGE sample buffer for later western blot analysis (i.e. lysate). The remaining supernatants were incubated for 2 h at 48C with anti-FLAG(M2) antibody covalently coupled to agarose beads (Sigma) or with 1 mg of the appropriate first antibody and 20 ml of protein-G-sepharose beads (GE). The beads were washed extensively with lysis buffer, and bound proteins were resolved by SDS-PAGE, blotted onto PVDF-membranes and visualized with enhanced chemiluminescence after the incubation of the blots with the respective antibodies. Immunoprecipitation with endogenous proteins from murine lungs was performed as previously described for murine kidneys (34) . Lungs from five wild-type BL6 mice were homogenized in 3 -4 ml of lysis buffer (20 mM Tris-HCl, pH 7.5/1% Triton X-100/25 mM NaF/12.5 mM Na 4 P 2 O 7 /0.1 mM EDTA/50 mM NaCl/2 mM Na 3 VO 4 and protease inhibitors) using a Wheaton glas-glas homogenizer 5536 Human Molecular Genetics, 2012, Vol. 21, No. 26 (2 ml, 60 strokes) followed by a dounce glas-glas homogenizer (tight pestle, 40 strokes). After centrifugation to remove cellular debris, the supernatant was subjected to an ultracentrifugation (100 000g) for 30 min. Immunoprecipitation with control antibody (V5 mAB, Serotec) or anti-TAZ antibody and Prot G beads was performed as described above for cell lysates.
Plasmids, reagents and antibodies TAZ wild-type and TAZ S89A cDNAs were kindly provided by Michael Yaffe (Massachusetts Institute of Technology, Boston, MA, USA), NPHP8 cDNAs by Ronald Roepman (Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands) and Gerd Walz (University Hospital of Freiburg, Germany). NPHP9 and NPHP5 were cloned from a human kidney cDNA library. The NPHP9 kinase-dead mutant K33M and the patient point mutations (L330F, H425Y, A497P) were generated afterwards using Quikchange mutagenesis (Stratagene, La Jolla, CA, USA). The GAL4-TEAD reporter system (pGBD-Hyg-Luc; pGal4-TEAD) was purchased from Biomyx (San Diego, CA, USA). Eps, NPHP4 and GFP constructs were described before (28) . siRNAs used in knockdown experiments were directed against the following sequences: TAZ:
′ . siRNA strands were purchased from Biomers (Ulm, Germany) or Qiagen.
To generate a stable MCF10A TAZ cell line, TAZ was cloned into a modified pENTR1a vector (Invitrogen) and afterwards recombined into the pLenti6.3/V5 Dest vector, using the GATEWAY system (Invitrogen). After virus production in HEK293T cells, the MCF10A cells were transduced with F9.TAZ pLenti6.3 or vector control, and selection was performed using blasticidin (10 mg/ml).
Antibodies were from Sigma (mouse anti-FLAG/M2 #F3165: western blot 1:10 000, IF1:1000; mouse anti-tubulin #T0198: western blot 1:1.000), Serotec (mouse anti-V5 #MCA1360: western blot 1:5000), Millipore (rabbit anti-V5 AB3792: western blot 1:2000, IF 1:500), Abcam (rabbit antifibrillarin #ab5821: western blot 1:500), Santa Cruz (mouse anti-GFP #sc8334: western blot 1:1000; rabbit anti-14-3-3 #sc629: western blot 1:1000), Cell Signaling Technology (rabbit anti-phospho YAP Ser127 #4911: western blot 1:1000; rabbit anti-TAZ/YAP #8418: western blot 1:1000), Genetex (rabbit anti-Nek8/NPHP9 #GTX112027: western blot 1:500).
To generate monoclonal antibodies directed against TAZ, His-tagged murine TAZ full-length (His.mTAZ) was expressed in Escherichia coli, affinity-purified and used to immunize mice following a standard immunization protocol (35) . Fusions resulted in the generation of more than five specific monoclonal antibodies positively tested in ELISA assays on HIS.TAZ-coated plates. Specificity of selected clones was confirmed by using cell lysates from transfected cells. qPCR analysis qPCR analysis was performed as described previously (5) . MCF10A cells were transfected with the indicated siRNAs (concentration 20 nM final) using Oligofectamine (Invitrogen). Forty-eight hours after transfection, cells were harvested in Qiazol (Qiagen) and RNA was isolated using the phenolchloroform method. After DNAse treatment (Ambion), the reverse transcription reaction was performed with ABI's High Capacity cDNA Kit. The efficiency of the NPHP9 siRNAs was confirmed using SYBR Green qPCR (NPHP9 fp: 5 ′ -CTTCTTCACTGCCTGCCTGACT-3 ′ ; NPHP9 rp: 5 ′ -GGCCTTTCGCAGGCACAGGT-3 ′ ), HPRT1 served as endogenous control (HPRT1 fp: 5 ′ -tgacactggcaaaacaatgca-3 ′ ; HPRT1 rp: 5 ′ -ggtccttttcaccagcaagct-3 ′ ). All qPCR experiments were performed on the ABI 7900HT System and repeated at least three times. Error bars shown in the figures represent SEM.
BrdU assays
MCF10A, MCF7 or MDA-MB-231 cells were transfected with the indicated siRNAs (concentration 20 nM final) using Oligofectamine (Invitrogen) and processed 48 h after transfection. The cells were labelled with BrdU for 3 h in complete growth medium. Afterwards, the cells were fixed with 70% ethanol overnight, following treatment with 2N HCl/0.5% Triton X-100 and 0.1 M sodium tetraborate. Cells were stained with a mouse anti-BrdU antibody (Sigma) and Alexa 488-conjugated anti-mouse-IgG (Jackson ImmunoResearch). DNA was counterstained with PI (propidium iodide, Sigma) and cells were analysed by FACS as described previously (5) . The amount of BrdU+ cells for each condition was calculated in comparison with the scrambled siRNA-treated control cells. Error bars shown in the figure represent SEM.
